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Abstract The high temperature gradients generated in elec-
trical discharge machining process by electric discharges re-
sult in residual stresses on the surface layers of electrodes.
These residual stresses can lead to deficiencies in machined
workpiece such as micro-cracks, reduction in strength and
fatigue life, and possibly catastrophic failure. In the present
research, a finite element model (FEM) has been developed
to estimate the distribution of residual stress in the machined
surface of workpiece through considering temperature-
dependency of the physical properties of AISI H13 tool steel
as workpiece and solid-state phase transformation. The data
achieved by FE simulation have been validated using exper-
iments handled by nano-indentation measurement on the
side of cubic ED-machined workpiece. The results showed
that the profile form of residual stress is independent from
discharge energy; though with increase in pulse energy, the
maximum of tensile residual stress and the depth where the
maximum is observed slightly increase. Furthermore, the
maximum calculated value for residual stress exceeds ulti-
mate strength of AISI HI13 tool steel, 1990 MPa, and
reaches the amount of 2150 MPa for lowest pulse energy.
The maximum residual stress measured by nano-indentation
is 2040 which represents the slight deviation of 50 MPa or
2.5 % with the predicted values.
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1 Introduction

Electric discharge machining (EDM) is a thermal process
where thermal energy is generated in a discharge channel,
called plasma channel. Extremely high temperature resulted
from the transient heat flux, induces thermal and consequently
residual stresses within the surface layers of the workpiece.
These residual stresses can lead to defects in the machined
workpiece such as micro-cracks, decrease in strength and fa-
tigue life, and possibly catastrophic failure. Thus, it is of par-
amount importance to develop methods of predicting the set-
tings of machining in which the level of residual stresses ex-
ceeds over the permissible values [1, 2].

Phase transformation from solid to liquid as well as liquid
to vapor occurs during the heating cycle of every discharge.
Part of the transformed material is removed but the rest re-
solidifies on the surface of the workpiece. This re-solidified
layer is usually called the white layer, as it is not easily etch-
able. Below the re-solidified white layer lies a second layer
that does not melt but is still affected by heat. For steels,
during the cool-down cycle, solid-state transformations occur
in this heat-affected zone because the highest temperature
reaches beyond the austenite transformation temperature [3].
Mamalis et al. [4] with some micro-hardness and micrograph
measurements have shown that most of the heat-affected zone
transforms to martensite.

A lot of efforts have been made to introduce numerical
models for EDM process in order to predict temperature dis-
tribution during each electric discharge and thereafter estimate
the profile and size of crater formed by every single discharge,
the material removal rate (MRR), and the tool wear rate
(TWR). In the late 80s, DiBitonto et al. [5, 6] developed a
model based on point heat source for cathode erosion of
EDM process and disk-shaped heat source with Gaussian dis-
tribution of heat flux for anode erosion, and compared them
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with their experimental studies. These works were considered
as bench mark in the modeling of EDM process. Joshi and
Pande [7] have developed a comprehensive thermal model of
EDM process using finite element method. They have incor-
porated important factors such as the Gaussian distribution of
heat flux, and EDM spark radius as a function of discharge
current and discharge duration. These considerations have
greatly improved accuracy of prediction and made the intro-
duced model closely comparable to the actual process condi-
tions. Tan and Yeo [8] conducted a numerical modeling study
based on finite element method using multi-discharge ap-
proach to elucidate the physics and characteristics of
powder-mixed micro EDM process. They considered the pres-
ence of powders in the gap distance into account by an esti-
mated factor of 1.07 for heat source expansion at powder
concentration of 0.02 g/L. The authors employed ANSYS
software for their objectives and considered the thermo-
physical properties of electrode material independent from
temperature. They reported that their model provides accept-
able predictions of the process performance measures, includ-
ing R.x and recast layer thickness, although further refine-
ments are required to acquire results with better accuracy.
Shen et al. [9] studied the energy distribution during the
EDM process of Ti-6Al-4 V alloy. In their model, the energy
distribution and plasma channel diameter were determined
though comparing the boundary of melted material in the cra-
ter acquired by metallurgical observations and isothermal pro-
file of thermal-physical model calculated through finite ele-
ment simulation and via assuming constant plasma diameter
and energy distribution into workpiece. The authors iterated
this procedure until the calculated and measured boundaries
coincided. Residual stresses induced into the surface layers of
workpiece by the EDM process are the product of extreme
temperature gradient and localized inhomogeneous plastic de-
formation due to metallurgical transformations in the locality
of electric discharges [10]. Recently, few numerical studies
have performed to simulate the thermal and residual stresses
induced in the surface layers of electrodes due to temperature
gradient caused by the electric discharges. Yadav et al. [1]
have developed a finite element model to estimate the temper-
ature field and thermal stresses due to Gaussian distributed
heat flux of a spark during EDM in HSS workpiece. They
observed that after each spark, substantial compressive and
tensile stresses develop in a thin layer around the spark loca-
tion that exceed the yield strength of the workpiece mainly in
an extremely thin zone near the spark location. Yeo and
Murali [11] have developed a mathematical model based on
heat transfer principles for the simulation of single-spark ma-
chining during micro-electro discharge machining (LEDM) of
Ti-6Al-4V titanium alloy. Simulated crater dimensions and
residual stresses were compared with experimentally observa-
tions acquired using atomic force microscope (AFM) and a
nano-indentation technique. They report that the residual
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stress exceeded the ultimate tensile strength (860 MPa) of
the material near the center of spark location and gradually
subsided by the distance from the center. Das et al. [12] have
presented a finite element-based model in the form of a com-
mercial software called DEFORM for the electric discharge
machining process. The model used process parameters such
as power input, pulse duration, etc. to predict the transient
temperature distribution, liquid and solid-state material trans-
formation, and residual stresses that are induced in the work-
piece as a result of a single discharge. An attractive feature of
the model is its ability to predict the shape of the crater that is
formed as a result of material removal. Rebelo et al. [13] have
made a finite element model (FEM) based on an individual
discharge to calculate the residual stresses originating from
EDM with different discharge energies. The model used axi-
symmetric elements and the temperature-dependent thermo-
mechanical properties of stainless steel AISI 304. The calcu-
lated residual stress profiles were in good agreement with
experimental results. Ekmekci [14] simulated the residual
stress distribution in EDM process with finite element method
using commercial software called ANSYS. In another at-
tempt, Ekmekci et al. [15] experimentally investigated resid-
ual stress profiles using layer removal method. They utilized
electrochemical machining and recoded the corresponding
deformations due to stress relaxation by removal of layers
and employed elasticity theories in order to acquire the stress
profiles. From these experiments, they presented a semi-
empirical approach for estimating residual stress profiles
along the depth in different pulse currents and pulse dura-
tions, and concluded that maximum value of tensile residual
stresses is about the ultimate tensile strength of the material
and unchanged with respect to spark energy. Predhan [16]
simulated the stress state in AISI D2 steel machined by
EDM process using finite element commercial code ANSY
S. The author in his models presented the effect of discharge
current and duration on temperature distribution and thermal
stresses in the surface of work electrode. He reported that
the thermal stresses affect to a larger depth of ED-machined
surface as pulse energy increases.

In the present work, in order to predict the distribution of
residual stresses in workpiece due to EDM process, a model
has been developed based on a sequentially coupled thermal,
metallurgical, mechanical 3-D finite element method. In this
model, effects of volume change due to austenite—martensite
transformation on the final residual stress, or in other words,
solid-state phase transformation in the estimation of the resid-
ual stress distribution, has been taken into account. The com-
mercial finite element solver ABAQUS code has been
employed in the simulation stages. ABAQUS code allows
us to consider the time dependency of heat flux growth over
the surface of part domain and also heat dependency of phys-
ical properties of work material in our simulations. A nano-
indentation technique has been used in experiments in order to
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validate the results of numerical simulations. The objectives of
our attempt was set to develop a reliably sufficient model to
estimate the range of input parameters in order to reach the
lower levels of induced stresses at the surface of ED-machined
surface and reduce the probability of occurring problems, such
as micro-cracks, associated with it. Also, this work is aimed to
provide better inside into the physics behind the stress devel-
oping mechanism in work material processed by EDM
through a more realistic simulation of thermo-physical phe-
nomenon during the electric discharges.

2 Finite element modeling of EDM process

Extreme temperature gradient in EDM process in the locality
of each discharge causes non-uniform local expansion of
workpiece material being restrained which leads to high resid-
ual stresses induced into the surface layers of workpiece. In
this study, in order to determine the induced stress in the
workpiece, a sequentially coupled thermal, metallurgical, me-
chanical 3-D finite element model is developed based on
ABAQUS code. Effects of volume change due to austenite—
martensite transformation on the final residual stress are con-
sidered. The solution procedure consists of two steps; first, the
temperature distribution and its history in the EDM model are
computed by the transient thermal analysis. Then, the temper-
ature history is employed as a thermal load in the subsequent
mechanical elastic—plastic calculation of the residual stress
field. In this step, the volume fraction of martensite is also
calculated, and volume change due to phase transformation
is considered through modifying the thermal expansion coef-
ficient over the temperature range in which austenite changes
into martensite. A small cubic portion of the workpiece
around the spark as shown in Fig. 1 is taken as the domain.
Because of the symmetry, only one-quarter of the domain
is considered into account during the analyses. The

~T
_—Heat Flux

Cubic
Workpiece

Fig. 1 Thermal model of EDM process. I'; and I's are planes of
symmetry and heat flux applied on I'

following assumptions are made due to the random and
complex nature of EDM.

1. The domain is considered as symmetric.

2. The workpiece material is homogeneous and isotropic.

3. The material properties for the workpiece are temperature
dependent.

4. Heat transfer is through conduction within the workpiece
and convection at the workpiece-dielectric liquid inter-
face, respectively.

5. The workpiece is assumed as stress-free before EDM.

6. The workpiece material is elastic-perfectly plastic and
yield stress in tension is the same as that in compression.

7. The analyses are handled for single spark.

2.1 Thermal analysis

The cubic portion of the workpiece around the spark struck
location has been considered as semi-infinite solid. In the
Fig. 1, the schematic of heat transfer model and applied
boundary conditions are shown. In Cartesian coordinate, the
following three-dimensional transient heat transfer equation
has been solved [11]:

orT d(koT/ox)  0(k,0T/3y)  0(k.OT/0z)

=2 " % T 5 T & (1)

where the temperature 7'is a function of the position and time,
ky and k), and k. are the thermal conductivity, p is the density
and C is the specific heat of the workpiece, and Q is the energy
transferred to the workpiece.
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where qy, is the quantity of heat flux entering into the work-
piece, R(t) is the radius of spark at each time, h, is the heat
transfer coefficient, and 7} is the ambient temperature.During
the spark, on-time energy is transferred to the workpiece
through top surface I'; as heat flux and during the spark off-
time heat is lost from the very same surface of workpiece to
the dielectric liquid. This condition is modeled using the con-
vective heat transfer. The temperature-dependent convection
coefficient of the dielectric oil is given in Table 1.

The boundaries I', I'5, and I'¢ are far distant from the input
heat flux that there is no heat transfer across them. And on the
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Table 1 Temperature-dependent convection coefficient of the
dielectric oil (W/m? K) [13]

Temperature (°C) 20 200 600 720

Convection coefficient of the 668.9 668.9 3177 836.2

dielectric oil (W/m? K)

two planes of symmetry I'; and I's, adiabatic boundary con-
ditions are dominant.

Important factors which contribute to the accurate predic-
tion of the thermal history after every single discharge in heat
transfer model of EDM process include the fraction of pro-
duced heat in plasma channel transferred to the workpiece,
radius of plasma channel, and the thermo-physical properties
of material. In this work, the Gaussian distribution has been
employed as input heat flux in the modeling stage of thermal
distribution into workpiece. Eq. (4) represents this model [1].

4.45F Uyl r o\’
q,(r) = 7TRQ(I)@CP{_“-S (R(t)) } (4)

where U, is discharge voltage, / is current, F.. is the fraction of
total spark energy transferred to the cathode, and R is the
spark radius at the workpiece surface.

Spark radius is an important factor in the modeling of EDM
process. Ikai and Hashiguchi [17] have derived a semi-
empirical equation of spark radius namely “equivalent heat
input radius” as a function of discharge current (/) and spark
on time (7,,), which is more realistic as compared to other
approaches. The following equation represents this function:

Ry = (2.04e-3)1°T,,"* (5)

Energy distribution factor is another important item in the
thermal analysis of EDM process. The total thermal energy
due to spark gets divided into three parts; one portion is con-
ducted away by the cathode and the other by the anode, and
the rest dissipates into the dielectric. DiBitonto et al. [5, 6]
conducted their experimental and analytical studies over a
variety of operational conditions with considering the energy
distribution for cathode (F.) equal to 0.183. The data achieved
by their analytical models corresponds directly to the experi-
mental results with a high degree of accuracy. In the present
work, the same value of F. (0.183) has been utilized in simu-
lation procedures.

2.2 Solid-state phase transformation

Thermal cycles during the EDM process are responsible for
the solid-state phase transformation in the workpiece material
which results in volumetric changes and subsequent residual
stresses in the machined workpiece. The solid-state phase
transformation often plays a dominant role in the modeling
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of thermo-mechanical problems. When AISI H13 tool steel
is heated over A; (cementite disappearance temperature)
temperature during the heating phase of EDM process, the
microstructure of parent material starts to transform into
austenite, and when the temperature reaches Aj(ferrite dis-
appearance temperature), pearlite, ferrite, and martensite
completely changes into austenite. Subsequently, as the aus-
tenite cools during the cooling stage after each discharge,
several daughter phases, such as ferrite, pearlite, or bainite
could be transformed from austenit. These solid-state trans-
formations are controlled by the cooling rate of the trans-
formed austenite and the composition of the parent material.
As the cooling rate increases, the tendency to the formation
of martensite intensifies. Since the cooling rate in EDM
process is extremely high, it is expected that most of the
heat-affected zone to be transformed to martensite [12].
The results of the metallurgical studies conducted by
Mamalis et al. [4] corroborate this phenomenon.

During rapid cooling, austenite begins to transform into
martensite with a body centered tetragonal (b.c.t.) structure,
thus the volume increases. The volume change due to phase
transformation during heating and cooling is schematically
shown in Fig. 2.

In the present model, at first, based on the thermal analysis
results, the extent of the fusion zone (i.e., the re-solidified
molten layer) and the heat-affected zone, that mostly contains
martensitic material, has been predicted. Nodal temperature
data from the heat transfer analysis determines the region that
melts and the region that experiences temperature above the
Aj but still stays below the fusion temperature. Later, in order
to consider the removed material due to EDM process, some
of the fusion reign elements were removed with ‘model
change’ feature of ABAQUS code. The rest of elements so-
lidified to form the fusion zone (white layer on the surface of
the workpiece).

Austenitic
Transformation

Heating ,

-

Voulme change

Martensitic
i Transformation

M, M, A Ay

Temperature(°C)

Fig.2 Schematic diagram of volume change due to phase transformation
[18]
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There have been several studies concerning the amount of
molten material that removed at the end of heating phase.
DiBitonto et al. [5, 6] defined a factor called plasma flushing
efficiency (PFE) as the ratio of the actual volume of the material
removed to the total volume of the theoretically predicted mol-
ten pool. They showed that the PFEs increase with the increase
in current and pulse time. Low energy plasma fails to build
enough pressure to expel a significant amount of molten mate-
rial by the collapse of plasma channel at the end of discharge,
whereas for high-energy content plasma, PFE is very high.

Due to the high cooling rate, the dominant phase due to
solid-state transformation is martensite. As a result, all the
heat-affected zone is considered to transform into martensite
and the martensite fraction factor is assumed to be 1.

2.3 Mechanical analysis

The same FE mesh as in the thermal analysis was used in
the mechanical analysis, except for the element type and
different boundary conditions. The analysis is based on the
temperature history calculated in the thermal analysis which
represents the input information of subsequent mechanical
analysis. The movement in the axial and the x direction of
the bottom surface of cubic model (I'¢), and the z direction
of I'; surface of symmetry was restrained in order to ap-
propriate the model of actual EDM machining conditions.
Temperature dependency of material properties, as shown
in Table 2, was taken into account.

The high thermal gradients created during the electric dis-
charge causes considerable local thermal expansions of the
workpiece material that themselves lead to high thermal and
residual stresses. The distribution of thermal and residual
stresses due to thermal loading can be expressed as:

{o} = [DI({e}~{m}) (6)

where [D] is the elasticity matrix, {0} is the stress vector,
{e} is the mechanical strain vector, and {m} is the thermal
strains vector [1].

Along with the thermal strain, an additional strain is in-
duced by microstructural evolution during solid-state phase
transformation during the EDM process. Therefore, the strain
increment can be written as follows:

Ae = Aef + Ae®? + Ae" + Ae?Y (7)

The various components in this equation represent
strains due to elastic, plastic, and thermal loading, and the
component Ae?Y is caused by volume change due to
phase transformation, respectively [1].

As mentioned previously, formation of martensite is ac-
companied by volume increase and this gives rise to internal
resisting stresses [20]. The strain due to volume change asso-
ciated with full martensitic transformation for high carbon
steel which is used in this work is ¢2"*=7.5x1072 [21].
The volume change due to austenite transformation is as-
sumed to be ;" *=2.88x 10> [18].

The strain caused by volume change due to the forma-
tion of austenite during heating stage was also considered
in the FE analysis. In order to incorporate the effects of
volumetric reduction during austenitic transformation into
the FE model, a simplified linear correlation for the volume
change strain in heating was adopted which is presented in
the following equation [22]:

AT}, AV*

Aep = o X (8)

where Aey®” is the volume change strain increment and
ATy, is the temperature increment during heating.

According to the Koistinen—Marburger (K-M) relationship
[22], the strain increment due to volume change in the course
of the martensitic transformation process can be determined
by the following equation [14]:

A = f x {=0.001 exp(0.011[T=M]} x AT, x 2" (9)

where fis the fraction of martensite which is assumed to be 1,
M is martensite-start temperature, and AT, is the increment of
temperature during cooling.

Table 2  Temperature-dependent AISI H13 material properties used for FEM simulation [19]

Temperature ( C) Thermal conductivity Specific heat

Thermal expansion Young’s modulus Ultimate tensile

(W/mK) (J/kg K) coefficient (1078 C™1) (GPa) strength (MPa)

20 27.2 560 10.9 211 1990
100 27.8 582 11.9 209 1940
200 28.4 593 12.3 206 1860
300 28.6 598 12.7 201 1820
400 29.2 601 13.0 197 1358
500 29.8 608 133 194 1075
600 30.3 618 135 190 750
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In the numerical simulations, it is assumed that when the
temperature cools to My, the martensitic transformation is fin-
ished. The initial transformation temperature M; can be calcu-
lated using the following equation [18]:

Mg = 561-474C—-33Mn—17Ni—17Cr-21Mo (10)

For considering these volumetric changes in our FEM sim-
ulation, a subroutine to ABAQUS code was developed that
accounts for volumetric changes due to temperature changes
and the phase transformation.

3 Experimental procedures
3.1 Materials and ED-machining

The material used for the experiments is AISI H13 air hard-
ening hot work tool steel. Metallurgical composition of this
steel is presented in Table 3. The cubic workpiece with dimen-
sion of 12x12x12 mm® was machined from a thick plate,
ground, heated up to 600 °C for 1 h and cooled down slowly
in the air, and later relieved from residual stresses prior to
electrical discharge machining to ensure stress-free condition.
The experiment was carried out on a RoboForm-200 EDM
machine. In this study, cylindrical pure copper electrode with
diameter of 19 mm is used as anode. Kerosene was used as
dielectric liquid. Nano-indentation technique was used to
measure the residual stress after EDM process [23]. Since in
this method fine surface finish is required, mechanical grind-
ing and polishing operation was carried out on the specimen
surfaces. The other machining parameters used in this exper-
iment are given in Table 4.

3.2 Residual stress evaluation methodology

A nondestructive nano-indentation technique was used to
measure residual stresses of an EDMed workpiece. This
technique is based on the key concepts that the deviatoric
stress part of residual stress affects the change in indenta-
tion load-depth curve, and then by analyzing difference
between residual stress-induced indentation curve and resid-
ual stress-free curve, quantitative residual stress of target
region can be evaluated. The residual stress cause to
change in indentation deformation: the applied load for
the tensile-stressed state is lower than that for the stress-

free state for the same maximum indentation depth. In oth-
er words, the maximum indentation depth desired is
reached at a smaller indentation load in a tensile-stressed
state because a residual stress-induced normal load acts as
an additive load to the applied load. Therefore, the residual
stress can be evaluated by analyzing the residual stress-
induced normal load [25, 26].

Residual stress is assumed to be equi-biaxial in-plane state
(Ores,x=Ores,y= Oress Oresz=0) and is separated into hydrostatic
stress (0™'=20,.s/3) and plastic-deformation-sensitive shear
deviator stress (0,°=10,c,/3). The stress component along
the indentation axis in the deviator stress part (UzDzl(fresB)
is directly added to the surface-normal indentation pressure.
Thus, the difference in the indentation load between stressed
and unstressed specimens indented to a penetration depth, L~
Lo, is defined as a residual stress-induced normal load. The
contribution of an equi-biaxial residual stress on the normal
indentation load can be expressed as [27]:

Ores = {3(Lo~L1)}/ (2A¢) (11)

where Ac! is the true contact area between indenter and
specimen.

Since there are complex biaxial residual stress states in
actual structures, wide application of the experimental and
theoretical models of indentation technique are limited. To
determine the directionality and magnitude of an actual biaxial
stress, we denoted one major stress component of the biaxial
applied stress as 0,5 x and the other as a minor stress compo-
nent Oy y; Ores,y CaN be expressed as koy « using a stress ratio
K Or Oyesy/Oresix» Where k ranges from —1.0 in the pure shear
stress through zero in the uniaxial stress to 1.0 in the equi-
biaxial stress states [27]. In this case, if the stress ratio & is
already known, individual principal stress components can
also be calculated from the nano-indentation test using the
following equation [27]:

Oresx = {3(L0_LT)}/{(1 + T)AE} (12)

Lee et al. [27] tried to estimate the stress ratio by analyz-
ing the pile-up heights along the two principal biaxial stress
axes. The ratio of stress-induced pile-up shifts was linearly
proportional to the stress ratio. A non-equi-biaxial stress
applied brought about different pile-up variations along
two orthogonal straining axes and the asymmetric deforma-
tion behavior was related with a ratio of its two principal
stress components. In this study, since AISI H13 tool steel is

Table 3 Chemical composition

of H13 tool steel [24] Elements (%)

Element C Mn

Si Cr Ni Mo v

% 0.32-0.45

0.2-0.5

0.8-1.2 4.75-5.5 0.3 max 1.1-1.75 0.8-1.2
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Table 4 Machining parameters

used in experiment Current

Open voltage

Pulse on-time Pulse off-time Workpiece polarity

200 V 4 A

100 ps 50 ps Cathode

too hard to indent small deformation created in nano-inden-
tation, remarkable pile-up around the indentation region has
not been observed. As a result, the stress directionality has
been estimated by dividing axial component of the residual
stress resulted from FEM analysis into radial residual stress
component. Subsequently, biaxial stress analyses 0.54 was
used as the stress ratio.

4 Results and discussion
4.1 Estimation of residual stresses

Temperature history computed in the thermal analysis is
used as thermal load to calculate the residual stresses. In
the finite element method, residual stresses were obtained
after the cooling of workpiece back down to the ambient
reference temperature. Figure 3 represents the profiles of
the residual stress in X direction (radial direction in the
two dimension modeling) along the depth at the center of
the simulated domain. These residual stresses are related to
the pulse duration of 100 ps, voltage of 200 V, and pulse
current of 4 A. Also, Fig. 4 shows the experimental results
of residual stress in X direction obtained by nano-
indentation method for the workpiece EDMed with the same
machining setting. As shown in these figures, the maximum
of measured tensile residual stress is 2040 MPa where there

2500
2150
2000
£ 1500
=
g
£ 1000
53
e
£
» 500
£
w
2
3 0
= 0 20 60 80 100
2
Z 500
&~
1000

Depth (um)

Fig. 3 FEM result of residual stress profile in X direction along the
depth; pulse duration=100 ps, voltage=200 V, and pulse current=4A

is a minor overestimation of 50 MPa or 2.5 % in the data
obtained by the FEM result. As it is clear, there is a good
agreement between stress profiles obtained by FEM and
experimental observations.

In cooling phase, the local hot region in the surface has a
tendency for expansion while being restricted by the sur-
rounding cold material which leads to the development of
tensile residual stresses at the surface of workpiece. According
to the experimental observations and FEM results, the maxi-
mum tensile stress is developed not on the machined surface
but beneath this surface. This phenomenon could be explained
by this fact that some level of tensile residual stresses, as
shown in Fig. 5, is relieved through the formation of micro-
cracks on the machined surface.

Furthermore, for both of profiles represented in Figs. 3
and 4, the tensile residual stress at the machined surface is
followed by a compressive residual stress in a depth that
provides the mechanical equilibrium of machined workpiece.
The machined surface is saturated with carbon resulted from
the dissolution of dielectric fluid in the plasma channel
(Fig. 6) [28]. This leads to a higher level of remaining aus-
tenite in the surface of machined workpiece. The remaining
austenite is protected to some extent by the presence of com-
pressive residual stresses [29].

As it is shown in Fig. 3, the maximum of calculated
tensile residual stress is 2150 MPa that is slightly higher
than ultimate tensile strength of workpiece (1990 MPa). As

2500

2044
2000
1500

1000

500

Residual Stress in X dirextion( MPa)

-500

-1000
Depth (um)

Fig. 4 The experimental result of residual stress in X direction along the
depth; pulse duration=100 ps, voltage=200 V, and pulse current=4A
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SEM MAG: 3.00 kx M

DET: SE D«
HV: 20.0 kV 20 um
VAC: Hivac

SEM MAG: 7.00 kx
Vega ®Tescan HV: 200 kV 10 um
Digital Microscopy Imaging VAC: HiVac

DET: SE Detector
Vega ©Tescan
Digital Microscopy Imaging

Fig. 5 a Surface micro-cracks and b cross-sectional view of EDMed surface. Pulse duration=100 s, voltage=200 V, and pulse current=4A

can be seen from Table 2, the mechanical properties of
material are temperature dependent. It is known that the
temperature at the crater surface is very high and the stress
values are limited by respective yield stress at each temper-
ature. Thus, maximum tensile residual stress is observed in
a depth where the complex interaction of thermal loading
and temperature-dependant mechanical properties of the
material occurs [30].

It can be seen from Figs. 3 and 4 that in FEM result,
the maximum tensile residual stress is observed in a depth
of 6 um, and in experimental result, it occurs in a depth
of 50 um. In experimental result, the location of the peak
stress is deeper and the peak width is wider than in the
FEM result. These discrepancies can be related to the
surface cracks on the machined workpiece (Fig. 5a, b) that
are neglected in the FE simulation. Surface cracks cause
the width of peak stress to be wider and also cause the
location where the maximum tensile residual stress occurs
to be deeper as they relieve some of the residual tensile
stresses caused by the thermo-mechanical nature of EDM
process.

20 30 40 S0 60
Hm

Carbon Kal_2

Fig. 6 Carbon insertion in the surface of sample that ED-machined in the
pulse duration of 100 us, voltage of 200 V, and pulse current of 4A
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4.2 Influence of pulse current (/) and pulse duration (Ti)
on residual stress distribution

In Fig. 7, distributions of the calculated residual stresses in X
direction (radial direction in the two dimension modeling)
along the depth for different pulse currents are shown. As
can be seen, the maximum tensile residual stress values and
the depth where these values are observed increase with the
increase in the pulse current. In practice, this can cause the
cracks formed on the EDMed surface to be deeper.

Figure 8 shows distributions of the calculated residual
stresses in X direction (radial direction in the two dimension
modeling) along the depth for different pulse durations. Sim-
ilarly, the maximum tensile residual stress values and the
depth where these values are observed increase with the in-
crease in the pulse durations. Overall, it can be concluded that
with the increase in discharge energy, the depth where the
maximum tensile residual stress value is observed increases,
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£ 1000 -
> \ —¥—64(A)
=
2 500
17,]
=
wn
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=
2
§ -500
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Fig. 7 FEM result of radial residual stresses variation along the depth of
simulated domain for various pulse currents (Ti=100 ps)
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Fig. 8 FEM result of radial residual stresses variation along the depth of
simulated domain for various pulse durations (/=12 A)

and this can lead to the creation of deeper surface cracks on
EDMed surface. This phenomenon is in accordance with the
findings of Ekmekci et al. [25].

It can be seen from Figs. 7 and 8 that the residual
stress profile’s form is independent from discharge energy.
However, the width of peak increases with the increase in
discharge energy.

5 Conclusions

In this paper, the results of a numerical model developed to
predict the distribution of residual stresses from a single
spark during EDM process have been represented. A se-
quentially coupled thermal, metallurgical, mechanical 3-D
finite element model is introduced based on ABAQUS code.
The time dependency of heat flux growth over the surface of
part domain, heat dependency of physical properties of work
material, and also effects of volume change due to austen-
ite—martensite transformation on the final residual stress are
considered into account during the simulations. The leading
conclusions are as follows:

» The simulation results indicate that after one spark, tensile
residual stresses developed around the crater and that these
stresses can exceed ultimate strength of the workpiece
material.

e The forms of both simulated and experimental residual
stress profiles are quite similar although the pick of simu-
lated one is slightly higher. This difference may be due to
induced micro-cracks that cause to relief some of the sur-
face residual stresses.

* The proximity of FE simulation results and experimental
observations improves considerably by taking the time
dependency of plasma channel growth, heat dependency
of physical properties of part domain, and also volumetric

change of work material due to austenite—martensite trans-
formation into account.

* The maximum tensile residual stress occurs beneath the
machined surface. This phenomenon is in accordance with
previously published experimental findings and can be
due to the stress relieving in the surface caused by the
formation of surface micro-cracks and moreover the oc-
currence of carbon penetration in the surface layer which
cause a slight compressive residual stresses in the work-
piece surface.

* Inthe experimental result, the location of the peak stress is
deeper and also the peak width is wider than in the calcu-
lated result. These discrepancies can be due to surface
cracks that are neglected in FEM simulations.

+ It can be seen that the residual stress profile form is inde-
pendent from discharge energy, although with increase in
pulse currents and pulse durations, the maximum tensile
residual stress values and the depth where these values are
observed increase.

»  With the increase in discharge energy, the depth where the
maximum tensile residual stress value is observed in-
creases and this explains the creation of deeper surface
cracks on EDMed surface when discharge energy
increases.
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